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One of the challenging questions in cosmology is the nature of dark matter particles. Fuzzy Dark
Matter (FDM) is one of the candidates which is made of very light (mFDM ' 10−22 − 10−21 eV)
bosonic particles with no self-interaction. It is introduced by the motivation to solve the core-cusp
problem in the galactic halos. In this work, we investigate the observational features from FDM
halo collisions. Taking into account the quantum wave-length of the condensed bosonic structure,
we determine the interference of the wave function of cores after collision. The fringe formation
in the wave function is associated to the density contrast of the dark matter inside the colliding
galaxies. The observational signatures of the fringes of the distribution of the dark matter are (i)
on the lensing of the background sources, (ii) accumulation of the baryonic plasma tracking the
interference of the FDM potential and (iii) excess in the X-ray emission from dense regions. Finally,
we provide prospects for the observations of quantum wave features of FDM in the colliding galaxies.
The NGC6240 colliding galaxy at the redshift of z = 0.024 is a suitable candidate for this study.
No signal is detected from the fringes in the Chandra data and taking into account the angular
resolution of the telescope, we put constrain of m > 7× 10−23 eV on the mass of FDM particles.
I. INTRODUCTION
According to the standard cosmological Λ-Cold Dark
Matter (ΛCDM) model, the Universe is made of about
68% dark energy and 28% dark matter with 4% bary-
onic matter [1]. The largest contribution of the energy-
momentum in the Universe is believed to be dark with
an unknown nature. In the ΛCDM model, dark matter
particles are modeled as the cold collisionless particles
[2, 3]. That is remarkably successful in describing the
Universe in the large scales from cosmic microwave back-
ground radiation to the formation of cosmic structures
[4]. However, it seems that ΛCDM faces with many se-
rious problems and tensions in comparison with the ob-
servational data in the small scales. One of the problems
is that the CDM simulations lead to the singular density
at the center, varying as r−1, however the observational
data indicate the smoothly varying core density. This
inconsistency is called the core-cusp problem [5–7]. The
other tensions of the standard model in the small scales
are the missing satellites problem [8], too big to fail prob-
lem [9], alignment of the substructures in a galactic halo
[10]. Beside that, all the attempts for the detection of
the dark matter particles till now are not successful [11].
Accordingly, there are so many proposed models and sug-
gestions developed in recent years in order to solve the
CDM non-detection problem in one hand and to conceal
the small scale crisis on the other hand [12–15].
One of the hypotheses that have taken attention re-
cently as a new model to solve the CDM problems, as-
sumes that dark matter is composed of very light Bosonic
particles, forming Bose-Einstein Condensate (BEC) core
[16]. Apart from its vast role in the condense matter
physics, the BEC is thought to be an important concept
in cosmology and astrophysics [47].
In this paper, invoking the physics of BEC, it provides
a model for solving some of the problems of the dark
matter physics in the small scales, where dark matter
(DM) behaves as a coherent wave function [16, 22, 23].
One class of these models, assumes that the dark mat-
ter consists of very light particles with mass range of
(m ' 10−22− 10−21 eV) [24], having the de Brogli wave-
length of the order of kpc where the quantum mechanical
behavior are important in these scales. This model often
called Fuzzy Dark Matter (FDM) [48].
One of the candidates for this type of dark matter par-
ticles is the Axion-like particles. This light bosonic par-
ticles seems to be well motivated in high energy particle
physics [25]. They are also called Axion-like particles
because one of them could be a candidate for the QCD
Axion. Also, all the models of the string theory have at
least several bosonic fields of such particles [24].
In this scenario, taking light bosons as the dark matter
particles, at the large scales, the predictions are the same
as the CDM. However because of the quantum mechani-
cal effects, it has different predictions in the small scales.
This model can be taken potentially a good candidate for
the dark matter, consistent with the observational data
both in the large and in the small scales [26]. One of
the features is the quantum pressure where in the gravi-
tational collapsing systems such as galaxies stabilize the
system and prevent the formation of cusp at the center of
the halo. In the FDM hypothesis, the dark matter halo
consists of a solitonic core that formed BEC at the inner
region of the halo and a non-condensed dark matter par-
ticles at the outer region of the halo with a NFW profile
[26–28]. Although it seems that FDM candidate solves
many issues of DM, however some specific observations
are necessary to verify this type of dark matter.
In this work, we investigate the observational features
of FDM in the interference formation from the colliding
galaxies. We take into account the collision of the two
solitonic waves as the core of two colliding galaxies. The
wave-like nature of the core can affect the dynamics of
the halos in collision and it can be observed in the various
features of a gravitating soliton-soliton collision. In this
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2direction, there are some simulations in one-dimensional
FDM collisions [29–32] . Due to the interference, a pat-
tern in FDM density field with the corresponding gravita-
tional potential is generated. While this structure is dark
and difficult to detect, the gravitational potential-fringes
can be a potentially prominent observable, playing the
role of the gravitational lensing to deflect the light of the
distant cosmological sources. The effect would be both
traced by shear and the convergence. In this work, we
calculate the strength of the gravitational lensing by the
colliding galaxies. Also, we investigate the gravitational
interaction of baryonic matter with the interference pat-
tern gravitational potential of the FDM. For two dissipa-
tive and non-dissipative regimes of the baryonic matter,
depending on the cooling time-scale, we calculate the dy-
namics of the baryonic matter profile within the gravita-
tional potential of FDM. Due to heating mechanism, the
baryonic matter form hot plasma during the collision of
the two galaxies and we expect to observe the ripples in
the plasma profile from the X-ray measurements.
The structure of this work is as follows: In Section (II)
we calculate the mass density profile and column density
of DM after collision of the two halo cores. In Section
(III) we calculate the lensing effect due to the fringes
from the collision of the galactic halos. Also, we derive
the shear and the convergence signals from the lensing.
In Section (IV), we calculate the ripples in the profile of
baryonic matter, resulting from the gravitational inter-
action of baryonic matter with the interference pattern
of the dark matter. Also, we investigate the intensity
of the X-ray radiation from baryonic matter. Finally in
Section (V), we address the comparing of the theoretical
predictions to the observational data. The conclusion is
given in Section (VI).
II. COLLISION OF THE TWO FDM SOLITONIC
HALO CORES
In this section we study the theoretical background of
the FDM and two halo core collision in this theory. In the
non-relativistic regime, we study the dynamics of a co-
herent gravitational self-interacting massive scalar field.
The dynamics of the wave function ψ, representing this
field follows the Schrodinger-Poisson (SP) equations as
[32]
i~
∂ψ
∂t
=− ~
2
2m
∇2ψ +mUψ, (1)
∇2U =4piGρ, (2)
where ψ is the wave function, U is the gravitation poten-
tial of the system and m is the mass of the FDM parti-
cles. In this equation the density is defined by ρ = | ψ2 |.
One can use the Madelung transformation [33] with writ-
ing the wavefuction as ψ(~r, t) =
√
ρ(~r) exp(iS(~r, t)/~), in
which we can read the velocity from v = ∇S/m. If we
substitute this wave-function in the SP equations, sepa-
rate the imaginary and real parts we obtain [34]
∂ρ
∂t
+∇.(ρv) = 0, (3)
∂v
∂t
+ (v.∇).v +∇U + ∇Q
m
= 0. (4)
With the Poisson equation, this is an equivalent hydro-
dynamic description of the SP equations. Here, Q is the
quantum potential which defines as
Q = − ~
2
2m
∇2√ρ√
ρ
. (5)
This term causes a pressure known as a quantum me-
chanical pressure. The gravitational interactions tend to
contract the system and on the other hand, the quantum
mechanical pressure has a repulsive effect on the wave
function and causes the wavefunction broadening. In the
stationary state, these two effects stabilize the system
and make a soliton core. We define the rc as the core
radius, where the density reduces to half of its maximum
value. This radius can be obtained from numerical solu-
tion of equation (4) and the mass enclosed in this radius
can be considered as the core mass
Mrc ' 1.54
~2
Gm2rc
, (6)
where for the large mass of the solitonic core, the cor-
responding radius is smaller. Simulation based on these
equations for FDM in the comoving frame is applied to in-
vestigate the structure formations in universe filled with
FDM, where the fitting function for density from simu-
lations is as below [26, 32]
ρc(r) ' ρ0[1 + 0.091( r
rc
)2]−8, (7)
where ρc(r) is the density of condensate state and ρ0
which known as the the core’s central mass density is
given by
ρ0 ' 1.9× (10
−23eV
m
)2(
kpc
rc
)4Mpc−3. (8)
Also, the core size and the halo mass (Mh) has the fol-
lowing relation
rc ' 160( Mh
1012M
)−
1
3 (
m
10−22ev
)−1pc, (9)
in which we normalized the halo mass to the mass of
Milky Way and the FDM particle mass is normalized to
10−22 eV. In this work for simplicity we take the approx-
imation of constant density for the solitonic core. Unlike
to the center, the outer region of FDM halo behaves like
the NFW profile [26]. In other word, the halo profile
would consist of two regions of the core at the center and
NFW at the outer region. The transition between these
two phases happens in some distance larger than the core
3size [35], we call this transition distance rt. Then, the
mass density of halo could be written as follows [28]:
ρ(r) = ρc(r)Θ(rt − r) + ρNFW (r)Θ(r − rt), (10)
where the Θ is the Heaviside function and ρNFW (r) is
the NFW profile for the outer parts of halo.
Now we take the collision of two solitonic halo cores
in the FDM model. The general analysis of this problem
needs to take into account the mutual gravitational in-
teraction of the two halos and the effective quantum me-
chanical pressure in the dynamics of the system according
to the SP equations. Simulations which investigate the
collision of the two solitonic cores shows that depending
on the velocity of the collision we can have multiple inter-
ference fringe in the mass density [29–32, 36]. As a result
they showed that if the system is unbounded, in other
words, the total energy of the system is positive the two
solitons which pass through each other would not expe-
rience significant change in their profiles. On the other
hand, if the two solitons with the core of size rc, merges
and form a bound system, after relaxation it form a sta-
tionary state and the stability length from equation (6)
decrease to rc/2.
In this work we investigate the unbounded collisions
in which during the collision of the two solitons, the su-
perposition of the two waves produces the interference
pattern which results in interference pattern in the mass
density profile of the two systems. For simplicity we take
a flat wave for each soliton with a cut-off to confine these
waves. Then from the superposition of the two waves,
the overall wave function is:
ψ(~r, t; ~r1, ~r2) =
√
ρ1(~r − ~r1)ei( ~k1.~r+φ+ωt)
+
√
ρ2(~r − ~r2)ei( ~k2.~r+ωt), (11)
where ψ is a function of coordinate ~r = (x, y, z) and time
and also ~r1 and ~r2 which are the positions of the centers
of the two solitons with respect to their center of mass,
ρ1(~r − ~r1) and ρ2(~r − ~r2) are the density profile of the
solitons, ~k1 and ~k2 are the wave-numbers corresponding
to each soliton and φ is their relative phase difference.
We take a top-hat profile for the density of solitons. The
overall density would be ρ(~r, t) = ψ(~r, t)ψ(~r, t)? which
results is
ρt(~r, t; ~r1, ~r2) = ρ¯1Θ(|~r − ~r1| −R1) + ρ¯2Θ(|~r − ~r2| −R2)
+ 2
√
ρ¯1ρ¯2Θ(|~r − ~r1| −R1)Θ(|~r − ~r2| −R2)
× cos(( ~k1 − ~k2).~r + φ), (12)
where ρ¯1 and ρ¯2 are the constant density of solitons
within the radius of R1, R2. As we discussed before,
we assume that the colliding solitons are in an unbound
state and they are in their primier encounter. Accord-
ingly the gravitational interaction of them do not change
the size of cores, as the relaxation time is much larger
FIG. 1: Schematic figure from the interference of two halo
solitonic cores. The z-direction is set to be along the line
of sight. We plotted a head on collision in which the angel
between the x-axis and the line of collision is ζ.
FIG. 2: A snapshot of the interference of two halo solitonic
cores. The larger halo has the radius of
√
2 times larger than
the smaller halo(which has a radius of 2) . The wavenumber
for the small halo is kyˆ, and the larger soliton, that is −kxˆ
with equal size of k = 10. We normalized the mass density to
the mass density of the smaller soliton. The x and y axis are
in arbitrary units.
than the encounter time. This assumption is supported
by the solitonic collision simulations [29–32, 36].
Since the unperturbed solitons follows the step func-
tion profile, the first two terms in Eq. (12) provide con-
stant terms while the third term results from the the
interference of the two waves. Analogue to optics, we
can define a parameter which shows the visibility of the
interference as ν = (ρ¯tmax − ρ¯tmin)/(ρ¯tmax + ρ¯tmin), in
which the index max and min indicates the maximum
and minimum value of the total mass density. In our
case from equation (12) we get ν = 2
√
ρ¯1ρ¯2/(ρ¯1 + ρ¯2),
this parameter changes from zero to one. For the case
when two solitons mass density are equal, the interfer-
ence visibility would be maximum.
In what follows we calculate the column density of the
two colliding solitons. We will use this parameter for
studying the gravitational lensing from this system. For
simplicity in our calculations, we use the polar cordinate
4~ξ′ = ξ′(cos(a), sin(a)), where ξ′2 = x2 + y2 and a is the
angle of ξ′ with respect to x axis . For the colliding
solitons, the vector of wave number can be decomposed
in the (x, y) plane and z axis as k1 = k1ξ′ ξˆ′1 + k1z zˆ and
k2 = k2ξ′ ξˆ′2 + k2z zˆ where ξˆ′ represents the unit vector
along ξ′.
The column density of the merging system in this new
coordinate system is given as
Σ(~ξ′) =
∫ z
−z
ρ(x, y, z)dz (13)
= Σ0(ξ
′) + 4
√
ρ¯1ρ¯2 cos(k1ξ′ξ
′
1 − k2ξ′ξ′2 + φ)
∆kz
×
sin(∆kz(
√
R2 − ξ′2))Θ(r1ξ′ −R1)Θ(r2ξ′ −R2),
in which ∆kz = k1z − k2z, and r1ξ′ and r2ξ′ are the posi-
tions of two soliton in the plane of projection to our line
of sight. For simplicity in the form of equations we de-
fine Σ0 = 2(ρ¯1Θ(r1ξ′ − R1) + ρ¯2Θ(r2ξ′ − R2))
√
R2 − ξ′2
as the background column density in Eq. (13). The
second term in this equation results from the interfer-
ence between the two solitons. The non-perpendicular
direction for the relative velocity of the two solitons with
respect to the line of sight results in a combination of
the linear and the circular pattern of the interference,
that results from the equation (13). The linear part re-
sults from the component of wavenumber perpendicular
to the observer. This pattern in x − y plane has slope
of −(kx2 − kx1)/(ky2 − ky1),(see Figure (2) ). It is worth
to mention that the orientation of the fringes depends on
the direction of the initial k-vectors and the width of the
fringes depend on their relative velocities.
For the head-on collisions, we set the line of sight in the
z-direction and the line of collision (i.e. ~n = kˆ1−kˆ2) to be
in x-z plane. This is equivalent to choosing a coordinate
where y axis components for wavenumber vectors (see
Fig. 1) set to zero in Eq.(13), accordingly we will have
the column density as follows
Σ(~ξ′) = Σ0 + 4
√
ρ¯1ρ¯2
k sin(ζ)
sin[k sin(ζ)
√
R2 − ξ′2] (14)
× cos[kξ′ cos(ζ) cos(a) + φ]Θ(r1ξ′ −R1)Θ(r2ξ′ −R2),
in which the ζ is the angle between the line of collision
and the x axis. In the next section, we will study the
gravitational lensing of two fuzzy dark matter core colli-
sion.
III. GRAVITATIONAL LENSING OF
COLLIDING TWO FDM CORES
The gravitational lensing of the two FDM core collision
is important from the observational point of view. Since
the FDM has no electromagnetic signal, we may prove
its existence from the gravitational lensing effect. The
most important signal of FDM in the colliding galaxies
FIG. 3: A schematic view of a thin gravitational lens system.
Dl, Ds and Dls are the distances to lens, source, lens-source,
respectively. Also, ξ and η are the physical distance of images
and source in the order. αd is the deflection angel, β is the
angular position of the source in the absence of the lens and
θ is the angular position of image and α = θ − β.
would be the detection of the interference pattern which
does not happen to the ordinary dark matter.
In order to calculate the lensing effect for the interfer-
ence mass density profile, we assume the thin lens ap-
proximation which is applicable for this system. The de-
flection of a light ray crossing projected mass distributed
Σ(~ξ) at ξ is given by [37].
αˆd(~ξ) =
4G
c2
∫
(~ξ − ~ξ′)Σ(~ξ′)
| ~ξ − ~ξ′ |2
d2ξ′. (15)
In Figure (3) a typical lensing situation is depicted. A
lens located at the distance of Dl and the source at dis-
tance Ds from the observer and the distance between the
lens and the sources is Dls. The lensing equation is given
by
η = ξ
Ds
Dl
− αˆd(~ξ)Dls, (16)
where ξ is the physical distance of images and η is the dis-
tance of the source from our line of sight to the position
of lens. For simplicity, we use the following coordinates
of η = Dsβ , ξ = Dlθ. The lens equation is rewritten as
~β = ~θ − Dls
Ds
~ˆαd. (17)
It is convenient to write this equation in dimensionless
form. So, by defining ~χ = ~ξ/R, in which R is the actual
size of the lens and ~Υ = ~η/η0 where in this definition
η0 = RDs/Dl, accordingly the equation (16) simplifies
to
~Υ = ~χ− ~αd (18)
where we defined ~αd =
DlsDl
DsR
~ˆαd. We can also define the
convergence as below
κ(~θ) =
Σ(Dl~θ)
Σcr
, (19)
5where Σcr is the critical mass density and defined as:
Σcr =
c2
4piG
Ds
DlsDl
. (20)
The deflection potential related to the κ throughout
∇2Ψ(~χ) = 2κ(~χ), (21)
where ∇ is derivative with respect to cosmological co-
moving distance. It also related to the deflection of light
∇Ψ(~χ) = ~αd(~χ). Now by using the Green function in
two dimension, the deflection potential is
Ψ(~χ) =
1
pi
∫
κ(~χ′) ln | ~χ− ~χ′ |d2χ′. (22)
In order to study the effect of FDM on the lensing conver-
gence, we use the definition of the column density from
the collision of the two cores in Eq. (14), then the κ is
given by
κ(~χ′) =
4piG
c2
DlsDl
Ds
(2(ρ¯1 + ρ¯2)R
√
1− χ′2+
4
√
ρ¯1ρ¯2
k sin(ζ)
sin[k sin(ζ)R
√
1− χ′2]
× cos[kRχ′ cos(a) cos(ζ) + φ]), (23)
where integrating Eq. (22) for a simple case assuming
the two colliding halos have the same mass, we get the
result of
Ψ(~χ;R, k, φ) =
16GR
c2
DlsDlρ¯
Ds
F (χ, b, ζ, k, φ) (24)
where the dimensionless function of F is given by
F (χ, b, ζ, k, φ) = RI1 +
I2
k sin(ζ)
, (25)
in which
I1 =
∫ 1
0
∫ 2pi
0
χ′dχ′da
√
1− χ′2
ln
(√
χ′2 + χ2 − 2χχ′ cos(a− b)
)
,
I2 =
∫ 1
0
∫ 2pi
0
χ′dχ′da ln
(√
χ′2 + χ2 − 2χχ′ cos(a− b)
)
(
sin
[
k sin(ζ)
√
1− χ′2
]
cos [kRχ′ cos(a) cos(ζ) + φ]
)
.
(26)
In what follows, for simplicity we will calculate the
dimensionless F function. The lensing potential ob-
tain by multiply it to the corresponding factor K =
16GRDlsDlρ¯/(c
2Ds) in Eq. (24).
Figure (4) represents the deflection angle (αˆd) for a
lens results from the collision of the two solitons where
at the inner region there is an interference pattern. As
we expected the deflection decrease with the inverse of
FIG. 4: The contour plot of the deflection angle due to the
collision of two solitons is plotted. The deflection angle, ap-
proximately changes proportional to the inverse of the dis-
tance, outside the solitonic core. We normalized the deflection
angle to K = 16GRDlsDlρ¯/(c2Ds).The x and y axis are in
arbitrary units. The wavenumber is normalized to the char-
acteristic wavenumber which is defined as k? = 1/rc and we
set k = 20, assuming core size rc = 1.
the scale outside of the lens. Deflection angle can be
measured from (21). Also the distortion of the image is
given by the Jacobean of the equation (18) as follows
A =
∂~Υ
∂~χ
. (27)
Here is the distortion matrix as follows
A = δij − ∂
2Ψ(~χ)
∂χi∂χj
=
[
1− κ− γ1 −γ2
−γ2 1− κ+ γ1,
]
(28)
where we adapt the following conventional notation of
∂2Ψ(~χ)
∂χi∂χj
= Ψ(~χ)ij , accordingly γ1(~χ) =
1
2 (Ψ11 −Ψ22) and
γ2(~χ) = Ψ12 = Ψ21. Then martix A can be written in a
simpler form of
A = (1− κ)
[
1 0
0 1
]
+
[−γ1 −γ2
−γ2 γ1
]
. (29)
The first term which induces an isotropic distortion re-
sults from the convergence alone, the second term so-
called shear stretches the image along two directions. We
can write the shear matrix in a coordinate rotated by an
angle δ such that[−γ1 −γ2
−γ2 γ1
]
= −γt
[
cos(2δ) sin(2δ)
sin(2δ) − cos(2δ)
]
, (30)
Where γt =
√
γ21 + γ
2
2 is the magnitude of the shear, and
δ describes it’s rotation orientation. The magnification
factor, µ of the lens can be compute by:
µ =
1
det(A)
. (31)
6FIG. 5: The lensing parameters calculated for two solitonic
interference lens. The phase of collision is adopted to (φ = 0).
The observational angle that is the complementary of angle
between the observer and the line of collision also is chosen to
be zero. In other words perpendicular to the line of collision.
The panels are as follows (a) deflection potential (b) deflection
angle, (c) γ1 the shear parameter (d) γ2, the second shear
parameter. The x and y axis are in arbitrary units. The
wavenumber is normalized to the characteristic wavenumber
which is defined as k? = 1/rc and we set k = 20 with the
assuming core size rc = 1.
For small value of the convergence we will have µ =
1/det(A) ' 1 + 2κ. In what follows we will show how
the collision of solitonic cores can introduce the lensing
effect both in weak and strong regimes.
Figure (5) shows the deflection potential and deflec-
tion angle with shear parameters for the case of collision
phase of φ = 0 . In all the Figures, we have omitted
the constant coefficients and worked with the normalized
deflection potential. Assuming the lens size is equal to
core radius, K can be written as:
K = 1.1× 10−3(1− )(10
−22eV
m
)2(
kpc
rc
)3(
Dl
150Mpc
),
(32)
where  = Dl/Ds. Assuming that the source is at the
distance of 150Mpc with  = 1/2, the deflection angle
from the potential is as follows
~ˆαd = 1.45× 10−8(10
−22eV
m
)2(
kpc
rc
)2∇F. (33)
In Figure 6 , we plot the convergenvce (panel a) and
the magnification (panel b) for two solitonic interference
lens in x-y plane. We normalize the wavenumbers to k?
where k? = 1/rc. The normalized wavenumber (k/k
∗)
FIG. 6: The magnification calculated for two solitonic inter-
ference lens in x-y plane. The x and y axis are in arbitrary
units. We considered the in phase collision(φ = 0). The obser-
vational angle chosen to be zero. (a1) convergence normalized
to K = 0.01 (b1) magnification for K = 0.01.(a2) convergence
normalized to K = 0.08 (b2) magnification for K = 0.08. The
wavenumber is normalized to the characteristic wavenumber
which is defined as k? = 1/rc and we set k = 20 with the
assuming core size rc = 1.
is set to be 20 with the collision phase of φ = 0. Also
the observational angle is zero. In Figure (6), the panels
(a1,b1) is shown for K = 0.01 and (a2,b2) for K = 0.08.
For small value of the convvergence we have the weak
lensing approximation, where in the larger ones the ap-
proximation µ ∼ 1 + 2κ does not work and we are in the
strong lensing regime.
In Figure (7) we show spherical-symmetric mass den-
sity (e.g. elliptical galaxy) which is projected in the x-y
plane and the distorted image after the effect of grav-
itational lensing for two colliding FDM. Our aim is to
find the footprint of FDM hypothesis with the gravita-
tional lensing methods in dark matter halo cores colli-
sion. In the case of detection of fringes in the κ, γ1 and
γ2 functions from the weak lensing and measuring the
wavelength of the pattern of the fringes, we can measure
the Axion’s momentum and consequently derive the mass
associated to these particles.
The collision can happen with various phases between
the two solitons. In the case of out of phase (φ = pi)
collision, when the solitonic cores meet each other, de-
structive interference occurs by creating a void region
between the two solitons. So for example in a collision
of dark matter halos, with cores that consist of bary-
onic matter, this quantum behavior could cause an offset
between this two components. as proposed in reference
[38], this may explain the observational offsets between
baryonic matter and dark matter, like the one that have
been observed in Abell 3827 cluster[39, 40].
7FIG. 7: We take a spherically symmetric shape (a panel) as
the source in the lensing system. Multiplying this image to
the distortion matrix results in the final images b, c, d with
K = 0.02, K = 0.2, K = 2 respectively. All parameters are
dimensionless. The x and y axis are in arbitrary units. The
wavenumber is normalized to the characteristic wavenumber
which is defined as k? = 1/rc and we set k = 20 with the
assuming core size rc = 1. The phase of collision is adopted
to (φ = 0).
We will discuss the observational prospects of this
method in section V. In upcoming section we address
the evolution of baryonic matter in the colliding soli-
tons gravitational potential as another probe to detect
the FDM effects.
IV. THE BARYONIC PARTICLES IN THE
COLLIDING FUZZY DARK MATTER CORE
In this section we investigate, how the baryonic parti-
cles would be affected by the fringes that created in the
process of collision of the solitonic part of the fuzzy dark
matter. First, we need to find the gravitational poten-
tial of the dark matter distribution. Here, we neglect the
contribution of the baryonic matters in the gravitational
potential as the halo is dominated mainly by the dark
matter. We use the Poisson equation
∇2Φt =4piGρt, (34)
where ρt is given by equation (12) for the head on colli-
sion. For simplicity we choose the line of collision alone
x axis, the analytical solution of equation (34) results in
Φt(x, y, z) = −8piGρ0
(
1
12
(3r2c − r2) +
1
k2
cos(kx+ φ)
)
.
(35)
FIG. 8: The three dimensional distribution of FDM potential
normalized to (8piGρ¯(rc)
2) and the position to 1/k which in
here we set k = 20k∗ and rc = 1.
In Figure (8), we plot the dimensionless potential
Φt(x, y, z)/8piGρ¯r
2
c for the case of φ = 0 phase collision.
For simplicity in calculation, we separate the poten-
tial into a dependent and an independent term with re-
spect to the x parameter as in equation (35). The one-
dimensional potential form equation (35) is given by
Φ(x) = −8piGρ0(−x
2
12
+
cos(kx+ φ)
k2
). (36)
We note that the constant term for potential is ignored in
redefinition of the potential. In the next part we use this
potential to study the dynamics of the baryonic matter
in this background. We will investigate the possibility
for the clustering of the baryonic matter under the grav-
itational potential of the dark matter.
A. The important time scales in FDM
In order to investigate the evolution of baryonic mat-
ter during the collision of FDM cores we need to com-
pare the time scales of the physical events with each
other. We start with the definition of the dynamical
time tdyn = 1/
√
ρG [41] and substitute the density of
core from equation (8),
tdyn =
1√
Gρ
' 59.2Myr( rc
kpc
)2(
m
10−22ev
). (37)
Another important time scale is the crossing timescale,
tcross, where the two solitons crossing through each other.
By assuming that the collision happens with the relative
velocity of vrel, the cross time scale is
tcross =
rc
vrel
' 9.51Myr( rc
kpc
)(
vrel
100 km/s
)−1, (38)
where the ratio of this two time scale’s using equation
(9) is
tcross
tdyn
' 39( Mh
1012M
)
1
3 (
vrel
100 km/s
)−1. (39)
8This relation depends on the mass of FDM halo and rela-
tive velocity. The clustering of the baryonic matter hap-
pens for the condition of tdyn < tcross.
The other important parameter is the de broglie wave-
length where we can compare this parameter with respect
to the size of cores rc as
rc
λdB
' 0.13( Mh
1012M
)−
1
3 (
vrel
100km/s
). (40)
This parameter determines where this system has the
quantum or the classical behavior. For the case that
λbB ≥ rc, the systems has quantum behavior, however we
can not detect the interference pattern in this condition.
Using the of equation (40), we find a critical velocity
where for v ≤ vc the quantum behavior is not detectable
vc ∼ 400( Mh
1012M
)
1
3 km/s. (41)
This relation shows that for the halo with the size of
Milky Way, collisions with the relative velocities more
than 750km/s are in favor of detecting quantum behav-
ior in the collision. For the case of λbB ≤ rc, we would
detect the interference pattern from the quantum behav-
ior, however, for λbB  rc, due to the limit in the reso-
lution of the instruments, we will detect an envelope for
the density pattern and miss detection of the quantum
fringes.
The next time scale that we need to study is the cool-
ing time scales. Assume that the system is consist of a
hot gas and the pressure of this gas prevents system from
collapsing. Since the pressure is proportional to temper-
ature, losing energy with radiation makes the pressure
smaller. The cooling process depends on the structure of
the gas, metallicity as well as the redshift. We assume a
simple case of completely ionized gas of electrons. The
cooling time can be written as [42]
tcool =
3
2
kBT (r)
n(r)Λ(T )
, (42)
where n is the number density of particles and Λ(T ) is
the cooling function which depends on two physical pro-
cess of (i) the Bremsstrahlung radiation and (ii) recom-
bination. Taking the core of galaxies with the disper-
sion velocity of the order of ∼ 100 km/s as Milky way
galaxy, the effective temperature would be in the order
of kilo-electron volte which is much higher than the re-
combination energy. So we would expect to have only
the Bremsstrahlung radiation from the baryonic plasma
with Λ(T ) ∝ T 1/2.
For an ideal baryonic gas, assuming power-law func-
tion for the profile of the density ρ(r) = ρ0(r/r0)
−α and
pressure P (r) = P0(r/r0)
−β the temperature is obtained
as follows
T = T0(
r
r0
)α−β
and Λ(T ) ' Λ0( T
T0
)ν , (43)
where ν = 1/2 corresponds to the Bremsstrahlung radi-
ation. We note that the FDM at the core of halo has a
constant density due to the quantum pressure.
For ionized hydrogen in the gravitational potential of
FDM, using relation (42) and the virial theorem, we ob-
tain the cooling time as follows
tcool ' 2piGm
2
H
3Λ(T )
ρFDM
ρH
r2c (44)
' 1 Myr( rc
1kpc
)2(
10−23ergs−1cm3
Λ(T )
)(
ρFDM
100ρH
).
The observational evidence from the X-ray emission from
the center of galaxies provides that ρFDM100ρH < 1 [43].
Now we compute tcross/tcool using the relations (39)
and (45),
tcross
tcool
' 9.51 ( rc
1kpc
)−1(
10−23ergs−1cm3
Λ(T )
)−1
(
vrel
100 km/s
)−1(
ρFDM
100ρH
)−1.
(45)
If the cooling time becomes very small in comparison
with the cross-time scale we expect not being able to the
detect the clustering of baryonic matter in the quantum
fringes of the dark matter. From this relation we can
obtain a constrain on the minimum velocity of collision
vr
100km/s
≥ 0.60( Mh
1012M
)
1
3 (
10−23ergsec−1cm3
Λ(T )
)−1
× ( m
10−22ev
)(
ρFDM
100ρH
)−1. (46)
This condition also includes the constrain from equation
(41) .
Table (I) represents an examples for the case of having
FDM particles with two different masses and related host
halo dark matter and the core size, respectively. We cal-
culate the ratio of cross time to dynamical time as well.
Also, the values for the minimum relative velocity of the
halos satisfying the quantum behavior.
B. The growth of the baryonic perturbation inside
the potential of fuzzy dark matter
In this section we study the formation of the baryonic
structures within the gravitational potential of FDM.
The process of the structure formation can be catego-
rized into two regimes of taking baryonic gas as a dis-
sipative (i.e. tcool < tcross) and non-dissipative ( i.e.
9TABLE I: The time scales for Two examples of FMD particles mass in which for every mass we supposed two solitonic cores
size (which related to the halo mass). vc is the minimum velocity in which the solitonic core radius becomes half of particles de
broglie wavelength where for the speed lower than this, the cores radius becomes much smaller than the de broglie wavelength
of particles and the interference could not appear. We also compute the tcross/tdyn for each case.
mass of particles (ev) halo mass(M) rc(pc) vc(km/s) tcross/tdyn(for v=400km/s) tcross/tcool(for v=400km/s)
m = 10−23
1012 1600 400 9.8 1.48
1010 7400 84 2 0.32
m = 10−21
1012 16 400 9.8 1.48
1010 74 84 2 0.32
tcool > tcross). In what follows we study the formation of
the brayonic structures for the non-dissipative condition.
In the picture of the baryonic structure formation, we
study the rate of the falling baryonic matter into the po-
tential given by the equation (36). Here, we discuss the
growth of the baryonic structure in the linear regime.
This framework is suitable for the early stage of the dy-
namical evolution of baryonic matter. We begin with
continuity and Euler equations
∂ρb
∂t
+∇.(ρbu) = 0, (47)
∂u
∂t
+ (u.∇).u+∇φ− ∇P
ρb
= 0 (48)
∇2Φt =4piG(ρFDM + ρb), (49)
the first term of the gravitational potential from equation
(35) is a quadratic term results from the corresponding
density of the FDM matter. We call this term as the
background term and the static condition for this struc-
ture is hold. In this case the gravitational contraction of
the FDM and the quantum repulsive forces of the dark
halo are equal. Note that we use ”zero” subscript for the
background terms and ”one” subscript for the first order
perturbation terms.
The baryonic matter for case that the cooling condi-
tion is satisfied can contract in the gravitational poten-
tial. The quadratic term of the background potential (i.e.
Φ0 = −3pi(x2 + y2 + z2)/4Gρ0) results in a growth of the
density of baryonic matter as ρ0 ∝ t2. On the other hand,
potential from the ripples (i.e. Φ1) generates the density
contrast of δb = (ρb − ρ¯b)/ρ¯b. For the velocity field we
adapt zero average velocity field as an initial conditions.
The pressure of baryonic matter is related to the density
as p = p¯+ c2sδρb. Combining the three equations of (47),
(48) and (49) , results in a differential equation for the
evolution of the baryonic density contrast of
∂2δb
∂2t
− 4piGρ¯bδb −∇2Φ1 − c2s∇2δb = 0. (50)
We note that according to equation (35), Φ1 depends
only to the x direction. We will discuss the solutions in
the two conditions of (i) having cooling condition and
the pressure term in equation (50) is smaller than the
gravity term (i.e. cs → 0) and (ii) there is no cooling and
the pressure prevents the condensation of the baryonic
matter.
In the case of ignoring the pressure term compare to
the gravity term, the solution for δ obtain as follows
δ(x, t) =
(
Aeωt +B
)
cos(kx). (51)
where ω =
√
4piGρ¯b − c2sk2 and B = −8piGρ0/ω2 and ρ0
is the central density of fuzzy dark matter. We also set
the coefficients of A from the boundary conditions. Note
that the k is the wave number of fuzzy dark matter which
is equal to the wave number of potential of Φ1.
We adapt t = 0 correspond to a time that the density
contrast is zero (i.e δ(x, t = 0) = 0). This condition
provides A = −B. Then the solution of the equation
(50) simplifies to
δ(x, t) =
8piGρ0
ω2
(eωt − 1) cos(kx), (52)
The solution is the exponential growth of the perturba-
tion term. We note that the solution for the perturbation
term is valid for ωt 1.
Now we discuss the regime where the pressure term is
larger than the gravity term in equation (50). Then the
solution of this differential equation is
δ(x, t) =
8piGρ0
ω2
(1− cos(ωt)) cos(kx), (53)
In which (ω =
√
c2sk
2 − 4piGρ¯b). This is a periodic den-
sity which its amplitude oscillates with the frequency of
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FIG. 9: The final stage of particles in the phase space after
falling baryonic particles in FDM potential. We use dimen-
sionless coordinates of the velocity and the length by dividing
them into vch and `ch, respectively.
ω. We can call this mode as the acoustic mode for the
baryonic matter. The essential condition for the obser-
vation of this mode is that the oscillation time scale of
the density contrast should be smaller than the collision
time scale of the two galaxies, in other word, tosc < tcoll.
In the next section we will discuss on the observational
features of the clumpiness of the baryonic matter within
the gravitational potential of the dark matter.
C. Relaxation mechanism of baryons in collision:
Numerical investigation
The perturbation approach to describe the evolution
of the structures is valid up to the beginning of nonlin-
ear regime (i.e. δ < 1). After this phase, we use the
numerical method to study the growth of the baryonic
structure. In this work, we use an ensemble of particles
of the baryonic matter, evolving in the potential that
created when the two dark matter halo cores are collided
and the fringe patterns in the potential is appeared. In
this analysis, we assume a non-dissipative system (i.e.
tcross  tcool or cs 6= 0).
We note that the dark matter dominates in this system
and the baryonic particles evolve solely by the dark mat-
ter gravitational potential. For simplicity, we use one
dimensional potential for the dark matter from equa-
tion (36). The main concern in this analysis is study-
ing the evolution of baryonic particles in this potential.
We examine relaxation time of gas and for the case of
trelax < tcross, the baryonic structures form within the
fringes of the dark matter gravitational potential.
For simplicity, we normalize time scale to the dynami-
cal time tdyn = 1/
√
Gρ0 and length scale with `ch = 1/k.
By diving these two scales, we define a characteristic scale
FIG. 10: Dispersion velocity of the baryonic particles as
falling into the gravitational potential of FDM as a function
of time where time is normalized to tdyn. Dispersion velocity
approach to a constant value after few dynamical time.
for the velocity as
vch =
`ch
tdyn
' 32km/s(kpc
rc
)2(
10−22ev
m
)(
100km/s
vrel
).
(54)
In what follows, we normalize time, length and the ve-
locity to the mentioned characteristic scales. We also as-
sume the collision is slow, by means that the time scale
for crossing is longer than the dynamical time scale (e.g.
tcross > tdyn). This condition allows the baryonic parti-
cles to relax in the gravitational potential of the FDM.
Figure (9) shows the trajectory of baryonic particles in
the phase space with Maxwelian initial velocity after the
particles fall into the gravitational potential generated by
FDM. We note that the baryonic particles can heat up
due to the collision of the bulges of the two galaxies. As
the dynamical time is shorter than the crossing time (see
Fig.10), the baryonic particles relax in the gravitational
ripples by the FDM. From Figure (10), the dispersion
velocity of the baryonic particles converge to an almost
constant value within a few dynamical time-scales. We
note that the initial dispersion velocity of baryonic par-
ticles due to heating is larger than the virial velocity of
the FDM structure (i.e. v  vch). The result would
be that baryonic particles move through the dark mat-
ter potential ripples and spend more times in the ripples.
Figure (11) demonstrate the schematic distribution of the
baryonic matter as a function of time in the gravitational
potential of FDM.
Summarizing this part, we have seen that the forma-
tion of the baryonic fringes happens in the following con-
dition of tdyn < trelax < tcross. Table (I) represents these
time-scales for two sets of FDM with different masses.
This condition may satisfy for the cases that two halo
are moving through gravitational attraction with a small
relative velocity.
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FIG. 11: The contrast in the number of baryonic particles along x axis (we set z and y zero) for the case of φ = 0 (in phase
collision). We used dimensionless coordinate by choosing time divided by 1/
√
Gρ0, and position by 1/k and set k = 1. The
figures start from initial to the final state. We normalized the number density for all the figures to maximum value of the final
state of FDM model.
D. X-ray observation of colliding FDM
Let us assume a volume of gas of baryonic matter with
the virial temperature of
kBTvir ' 1
2
mpv
2 ⇒ Tvir ' mpv
2
2kB
, (55)
where kB is the Boltzmann constant and mp is the
baryonic mass of particles. The main radiation mech-
anism that causes cooling of the baryonic matter are
Bremsstrahlung and recombination of ions and free elec-
trons. The radiation rate depends on the square of the
density. We can simplify the cooling rate as n2Λ(T )
where Λ(T ) is the cooling function.
The contrast in the X-ray radiation due to cooling is
proportional to the density contrast of the baryonic mat-
ter as,
δF
F
= 2
δρ
ρ
. (56)
It is worth to mention that due to equation 56 and
Fig.(11) right panel, we know that the flux difference
is in the order of the flux. So the flux limit of a detector
in the same time can constrain the flux change of FDM
effect as well.
For investigating the X-ray images, we refer to our pre-
vious results on the 1-Dimension analysis. We can con-
clude that the three dimensional baryons mass density
at the final state follows the shape of the FDM three di-
mensional potential at the core, so the X-ray radiation
can be written as (n0fφ(r))
2Λ(T ), in which the n0 is av-
erage density of X-ray gas inside galaxies and fφ(r) is a
dimensionless function which shows the shape of number
density profile of X-ray gas and we can calculate with
the gravitational potential profile of FDM in equation
(35) as,
fφ(x, y, z) =
45
(4pi)2r5c
(
1
12
(3r2c − r2) +
1
k2
cos(kx+ φ)
)
,
(57)
where the constant terms is the normalization factor. We
know that the size of X-ray halo is much larger than the
size of solitonic core of a galaxy (i.e rc  rg ) and note
that the total X-ray intensity received by the observer
results from the core and the background radiation from
the halo around the galaxy.
Integrating the X-ray radiation long the line of sight
results in the intensity of X-ray on (x-y) plane as follows
Ip =
∫ z
−z
(n0fφ(r))
2Λ(T )dz (58)
= (
45n0
(4pi)2r5c
)2[((
1
6
(3r2c − x2 − y2) +
2
k2
cos(kx+ φ))2
×
√
r2c − x2 − y2 +
1
360
(r2c − x2 − y2)5/2 +
1
108
× (r2c − x2 − y2)3/2(
1
12
(3r2c − x2 − y2) +
1
k2
cos(kx+ φ))].
Figure (12) represents the X-ray radiation intensity and
ripples expected to be detected from the colliding FDM
cores. In order to study the modes of the ripples, we plot
the two dimensional Fourier transform of the image in
the Figure (13). The central part in the Fourier space
shown two small dots along kx-axis which is dominant
mode from the De Broglie wavelength of the solitons.
V. OBSERVATION PROSPECTS
In this section we discuss on the observability of X-ray
ripples from colliding galaxies. One of the observational
constrain is that the angular resolution of our instrument
should be smaller than the angular size of the ripples. Let
us assume a colliding galaxy at the distance of Dz where
the two galaxies with equal mass have a relative velocity
of v. The angular resolution of the instrument (i.e. θR)
has to satisfy the following condition between the mass
and distance to detect the ripples,
Dz ≤ h
mv
1
θR
. (59)
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FIG. 12: X-ray radiation profile projected along the line of
sight.We normalize the length scale to the core size and as-
sumed wavenumber to be k = 20k∗ (Note that in this figure
rc = 1).
FIG. 13: Fourier transform of the projected intensity of the
X-ray radiation from Figure (12). The small panel also rep-
resents the spectrum along x axis.
As we discussed before according to the equation (41)
we have a constrain on the relative velocity of galaxies
(i.e. v > vc) to observe the interference pattern in the
collision. Combining equation (41) with equation (59),
we obtain a constrain on the distance of colliding galaxies
to detect the interference pattern,
Mh
1012M
≤ 0.39( θR
1as
)−3(
10−22ev
m
)3(
Dz
100Mpc
)−3 (60)
where θR is in arc-seconds. The Chandra X ray obser-
vatory has a resolution of 0.5 arcsec [44]. Accordingly
we can search for colliding galaxies with the halo mass of
1012M, up to the distance of ∼ 80 Mpc.
FIG. 14: The constrains on the mass of halo as a func-
tion of redshift, taking into account the sensitivity of Chan-
dra telescope. Here we adapt m = 10−22ev, Λ(T ) =
10−23erg sec−1cm3 and n = 1 cm−3. The red line repre-
sents constrain from the angular resolution of the instrument
and the blue line represents limit from the background X-ray.
In the hasted area the X-ray fringes are not observable for the
Chandra telescope.
The other observational constrain comes from the min-
imum brightness that enable observability of a source.
Now we assume a soliton core with the radius of rc where
baryonic matter has th density of n in this state. The to-
tal radiation intensity that we receive from this structure
is
IG '
4pi
3 r
3
cn
2Λ(T )
4piD2z
.
= 4.2× 10−15( n
1cm−3
)2(
10−23ergsec−1cm3
Λ(T )
)−1
× ( Mh
1012M
)−1(
m
10−22ev
)−3(
Dz
100Mpc
)−2ergsec−1cm−2.
(61)
The X-ray source should be larger than the instru-
ments sensitivity threshold (i.e. Ith < IG) for the ob-
servation. This condition puts the constrain on the mass
of halo as
Mh
1012M
< (
Ith
4× 10−15ergsec−1cm−2 )
−1(
n
cm−3
)2
× (10
−23ergsec−1cm3
Λ(T )
)−1(
m
10−22ev
)−3(
Dz
100Mpc
)−2,
(62)
here we normalized Ith to that of the Chandra’s thresh-
old. This relation puts an upper limit on the maximum
mass of the halo for the detection of quantum ripples.
Figure (14) combines constrains from equation (60)
and (62), representing an upper bound on the observ-
able mass of halo as a function of redshift. The hashed
area excludes the masses that can not be observed.
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FIG. 15: The X-ray image of the colliding galaxies
NGC6240[46].
FIG. 16: The X-ray intensity of the colliding galaxies
NGC6240. Blue solid line shows the X-ray intensity in the
vertical line of the inset figure, and the red dashed-dotted
line shows the horizontal line [46].
A. Searching quantum mechanical characteristic in
the X-ray images of colliding galaxies
We investigate the X-ray images from the Chandra
telescope to identify the colliding galaxies where the cores
of the galaxies being in the merging stage. We examine
NGC 6240 collided system ([46]) for possible detection of
X-ray fringes. Figure (15) shows this colliding system.
Figure (16) also shows the intensity of the core in X and
Y directions around the core of colliding galaxies. For
this system the large size of pixels compare to the size
of core produces discrete distribution for the intensity of
X-ray and with the large size of pixels we can not con-
firm or rule out the fringes in the X-ray intensity profile.
This system has a mass in the order of Milky Way galaxy
and at the redshift of z = 0.024. Comparing the param-
eters of system with Figure (14), this galaxy is below the
resolution of Chandra and we can not resolve the possi-
ble fringes in the X-ray profile. In order to investigate
the small features in the intensity profile of this system,
we need telescope with higher angular resolution to be
smaller than the following value
θR ≤ 3.5× 10
−23ev
m
as (63)
where m is the mass of FDM particles. Accordingly we
can assert that Chandra put a lower limit on FDM mass
∼ 7× 10−23eV due to the Eq.( 63).
VI. SUMMARY AND DISCUSSION
The cold dark matter challenges in small scale and non-
detection of DM particles is a strong motivation to look
for beyond the standard model of CDM. In this direction,
fuzzy dark matter is one of the favorite models which ad-
dress more than one of the problems in the small scales
due to its quantum mechanical properties. One of the
signatures of the quantum mechanical effect of FDM is
its interference pattern in the colliding systems. In this
work, we focus on the observation prospect of detecting
this type of patterns. We propose that the gravitational
lensing effect and the X-ray emission from the distribu-
tion of baryonic matter in potential wells of FDM are
plausible observational candidates.
For the case of gravitational lensing we derived all the
lensing parameters for this system and discussed how
these parameters depend on the properties of the FDM.
In this direction, we proposed that the lensing conver-
gence maps and the magnification pattern can be used
as observational quantities to detect the quantum prop-
erties of FDM.
We discussed on the clustering of the baryonic matter
inside the ripples of the gravitational potential from the
collision of the halo cores. The fuzzy dark matter sources
the gravitational potential of the Poisson equation, where
we studied the evolution of the baryonic matter in the po-
tential configuration of two solitonic colliding cores. The
prediction of the linear theory for the colliding cores is
an exponential growth in density contrast and also some
ripples on the density field are caused by the baryonic
pressure. Also, we studied the nonlinear evolution of
non-dissipative baryonic matter by tracking the evolu-
tion of the test mass in the mean field of the dark matter
potential. The evolution of the ensemble of the parti-
cles results the clumpiness of the baryonic matter with
the same shape of the gravitational potential of FDM.
By studying the evolution of the particles in the phase
space, we observed that in the order of ∼ 30 times of
the dynamical time-scale the baryonic fluid relax at the
gravitational potential of the dark matter. Finally, we
associate a temperature to the baryonic matter and re-
sulting X-ray radiation for plasma. We showed that in
the X-ray pattern, we would expect to detect a contrast
in the intensity which is a straightforward effect of the
quantum nature of FDM.
Finally, we discussed the feasibility of the observations
of lensing and X-ray fringes. Accordingly, the threshold
of observations due to resolution limit is discussed for
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both cases. For the X-ray, we studied the limiting flux
as well. Combining these two constrains, we obtained an
upper limit on the maximum mass of the halos with soli-
tonic cores as function of redshift, in which the fringes
can be observed in them. We have examined the catalog
of the colliding galaxies for possible detection of fringes in
the X-ray. The NGC6240 colliding galaxy at the redshift
of z = 0.024 is a suitable candidate. Our study showed
no signal from the fringes in the Chandra data and tak-
ing into account the angular resolution of the Chandra
telescope, we put constrain of m > 7 × 10−23 eV on the
mass of FDM.
As the observational prospect, we suggest to observe
the nearby colliding galaxies in the X-ray with high
resolution instruments. However, we should note that
the simplified model presented in this work for a col-
liding galaxies is a first approximation to the problem.
More sophisticated models are needed to study the
distribution of the baryons and colliding solitons in
this proposal. Higher resolution observation of colliding
system can tighten the constraints on the mass of FDM.
Finally, dedicated observation of lensing is needed by
focusing on the colliding galaxies to consider them as a
lens.
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